Aspirated compressor is a promising design concept to enhance the power density of the compression system; however, with regard to the rear stages of multistage aspirated compressor, the blade is fairly thin. Limited by the mechanical constraints, it seems impractical to implement the boundary layer suction on the blade suction surface. So the question arising is can we replace the blade suction surface with other feasible flow control methods without implementing extra device on the blade? To address this issue, a compound flow control method, composed of the endwall boundary layer suction and tandem blade, is proposed. The design philosophy is to utilize the EBLS to suppress the three-dimensional corner stall while to use the tandem blade to control the two-dimensional airfoil flow separation. The endwall boundary layer suction is barely implemented in the forward blade, whereas the corner flow in the rear blade is restrained by the flow through the gap between the forward and rear blades. The preliminary implement strategy of the compound flow control was presented and then applied in the design of a highly loaded aspirated compressor outlet vane. Three-dimensional numerical simulations were carried out to validate its effectiveness with different inlet boundary layer distributions. Both flow fields in the outlet vane and its loss characteristics were analyzed. The results show that, by applying the compound flow control, the outlet vane could not only achieve an aggressive loading without incurring large-scale separation at the design point but also have a considerable available incidence range. Due to the implement of the endwall boundary layer suction, the tandem blade can bring out its full potential in the two-dimensional flow control. Moreover, owing to the flow through the gap of the forward and rear blades, the aspiration flow rate required for the suppression of the three-dimensional corner stall can be reduced.
Introduction
One of the most efficient ways to design a higher thrust-to-weight ratio aero-engine is to further enhance the working capacity of the compression system. That means the blade loading has to be raised and flow within the compressor will get more complicated. In the previous studies, it has been highlighted that the geometry modifications, such as three-dimensional (3D) blade stacking 1 and endwall contouring 2, 3 are the effective methods to control the development of the boundary layer and various vortex structures within the flow passage, and due to this reason, they have been widely exploited in the redesign of the highly loaded compressors. Nevertheless, it can be foreseeable that those passive flow control methods might reach their limitations once the diffusion level within the flow path far exceeds the conventional design paradigm.
To pursue a higher stage pressure ratio, some unconventional flow control methods have been introduced, and among of them, extensive numerical and experimental investigations have been carried out on the boundary layer suction (BLS). The compressor performance can be improved significantly by Engine Aerodynamics Research Centre, Harbin Institute of Technology, Harbin, PR China removing viscous boundary layer at the critical locations, and based on this, the concept of aspirated compressor was proposed by Kerrebrock 4 in 1997. Since then, great efforts [5] [6] [7] [8] [9] [10] has been made to further uncover the flow control mechanism of the BLS and try to find an optimum aspiration strategy. However, despite those great achievements made on the BLS, there is still a long way to go before the aspirated compressor can be put into practical use. One major issue remained to be addressed is the design of the complex aspiration flow path in the blade. With regard to the rear stages of a multistage aspirated compressor, the blade is fairly thin. Limited by the mechanical constraints, it might not be practical to carry out BLS on the blade suction surface (BBLS). Since the endwall boundary layer suction (EBLS) merely works well in the corner region, once the diffusion factor exceeds the acceptable level, profile loss will be rather high if a conventional airfoil is employed. So the question arising is can we replace the BBLS with other feasible flow control methods without damaging the blade strength?
Fortunately, in terms of the 2D aerodynamic performance, it has been widely acknowledged that a tandem blade (TB) outperforms a geometrically similar single blade. [11] [12] [13] [14] The basic control mechanism is to reproduce a new boundary layer on the rear blade, thus reducing the accumulation of the momentum thickness and enhancing the blade loading without large-scale flow separation. Nonetheless, it is necessary to note that, like the single blade, the 3D aerodynamic performance of a TB is still dominated by the endwall flow. McGlumphy et al. 14 demonstrated that a well-designed tandem rotor was capable of achieving a higher work coefficient and stall margin, but near the stall condition, the tandem rotor suffered from a stronger secondary flow loss while the mainflow region remained operating at the negative incidence. Numerical results from Schluer et al. 15 revealed that the loading split had a significant impact on the TB performance via affecting the endwall flow patterns, an improper loading split might trigger the corner stall even at the 0 incidence. Schlaps et al. 16 conducted an optimization on a TB to further increase the stage efficiency. In comparison with the 2D geometrical modifications, the axial symmetric endwall profiling could provide a more pronounced improvement in the stage performance by attenuating the corner separation. In the present study, it was found that the high subsonic TB incurred a sever corner stall even at the design operating point while its flow was actually perfect in the 2D condition. Therefore, based on those facts, it can be deduced that the TB has not realized its full potential in the 2D flow control before the occurrence of the sever endwall secondary flow and an aggressive blade design might be attained if we could combine the EBLS with TB properly.
So in this paper, a compound flow control method (CFC), composed of the EBLS and TB, is proposed. The design philosophy is to utilize the EBLS to suppress the 3D corner stall while to use the TB to control the 2D airfoil flow separation. It is primarily intended for the rear stage stators of the multistage aspirated compressor at which implement of BBLS might not be practical. The objectives of this paper are to find a proper combination strategy of the two flow control methods and demonstrate its effectiveness preliminarily, furthermore, to give some recommendations on the further optimization.
Problem statement
The problem is posed as we design a multistage lowreaction aspirated compressor (LRAC). For the LRAC, since the BLS is just applied in the stators, the design feasibility of the aspirated compressor can be improved significantly without considering the design issues of aspirated system in the rotating parts. Up to now, two approaches 17, 18 have been developed to realize this non-standard aerodynamic design idea. The primary goal of this multistage LRAC is to achieve a higher pressure ratio, which is beyond the current design level by combining the two LRAC design concepts, and to implement the BLS just in the first and last stage stators. The aerodynamic design of the first supersonic aspirated stage 18 has been completed and further experimental validation is under preparation now. However, it is found from the through-flow analysis that the outlet vane is too short to implement the BBLS. Since the blade diffusion factor exceeds 0.6 at the design point, flow loss will be rather high if a conventional high subsonic airfoil, like the double-or multicircle airfoil without any flow control method is employed. To achieve a successful design of the multistage LRAC, a proper design scheme of the outlet vane should be established.
The general design philosophy of the outlet vane is to utilize the EBLS to suppress the 3D corner flow, and on this basis, to find a suitable airfoil construction method to relieve the 2D airfoil flow separation in the mainflow region. Since the EBLS has been proved to be an effective flow control method to inhabit the corner separation or even the corner stall, [19] [20] [21] [22] the key to the design of the outlet vane lies in the latter. The first attempt is to develop a high efficient optimized airfoil, which could operate at an extremely high loading condition without sever boundary layer separation. However, as can be seen from Figure 1 , though the multipoints optimization method is applied, the available positive incidence range is still fairly narrow. In fact, the incidence range of the outlet vane will be further decreased once the endwall secondary flow is also included and the required aspiration scheme for the single optimized blade would be a bit complicated if a similar positive incidence range with that in the 2D condition wants to be achieved. Besides, from our previous experience on the aerodynamic design of the multistage aspirated compressor, the last high subsonic stage is more likely to trigger the whole stage stall if the first supersonic aspirated stage can be well-designed. So in the design of this compressor, great efforts have to be made to broaden the incidence range of outlet vane in order to guarantee the stall margin could satisfy the design requirement. For the above reasons, the TB is finally introduced to replace the single optimized airfoil and the concept of CFC is proposed.
Implementation strategy of the CFC

Tandem blade
For the CFC, the arrangement of the TB and implement strategy of the EBLS are the two major issues to be addressed.
On the first point, once the corner flow is well controlled, the arrangement of the TB can be simplified down to a 2D design issue. Compared with the active flow control method, the flow control effect of the passive flow control method is relatively weaker, so a well-designed TB is very critical. It can be concluded from the open literature 13, 14 that a favorable performance of the TB can be obtained if its configuration is arranged as follows:
. A high percent pitch (PP) and a low axial overlap (AO) (see Figure 2 for geometry definition). . First, assuming D FB ¼ F RB and b 12 ¼ b 21 (see Figure 2 ), calculate b 12 using the following equation Although this method could not guarantee the blade loading exactly the same for the forward and rear blades in the 3D condition, it does provide a useful design method for the TB and the deviation is within the acceptable range. Before generating the 3D blade, a simple 2D blade optimization is carried out to help further improve the TB performance. In principle, for a well-designed TB, it is the forward blade that sustains the variation of the incidence angle, while for the rear blade, guided by the flow through the gap of the forward and rear blades (hereafter referred to as gap flow for convenience), its operating condition merely has a slight change. Thus, the optimization process is divided into two parts for simplify, a multipoints optimization for the forward blade to broaden its operating range while a single-point optimization for the rear blade to enhance its design point performance. Though the interaction effects between the forward and rear blades are not taken into account, the optimized TB performs much better than that constructed simply by a conventional high subsonic airfoil.
Endwall boundary layer suction
On the second point, if the forward and the rear blades are placed closely just like the configuration selected in the previous section, the EBLS is just implemented in the forward blade. This is mainly due to the following two reasons. On the one hand, since the corner stall will be ultimately triggered in the forward blade with the increased incidence, it will help to improve the working range of the TB if the EBLS is implemented in the forward blade. On the second hand, at a higher loading condition, the gap flow is capable of protecting the rear blade from sever corner stall. With regard to the latter point, the effects of the gap flow on the corner flow of the rear blade have been revealed recently. In the studies of Bo¨hle et al. 23 and Tesch et al., 24 it was found that the corner flow of the rear blade was mitigated at higher loading conditions due to the enhanced gap flow. Blocked by the gap flow, the endwall secondary flow could not flow onto the suction side of the rear blade so easily, and in the meantime, inspired by the gap flow, the boundary layer on the suction side of the rear blade could be free from large-scale flow separation. Therefore, for the CFC, the EBLS is merely required in the forward blade, and this will be verified in the following sections.
With regard to the detailed implement strategy of the EBLS, lots of related studies are available for reference. In terms of the aspiration location, the general conclusion is that the EBLS slot should run close to the suction surface, like the Peacock slot. 22 As for the scale in the streamwise direction, different opinions exist. Gbadebo et al. 6 suggested that the optimum aspiration slot should be long enough to be able to remove the limiting streamline and run from just downstream of the peak suction on the blade to the position near the trailing edge, while Chen et al. 25 argued that the optimum slot can be moved downstream to the development region of the corner separation vortex and 25% of the chord length was enough. In this study, we are more in favor of the former viewpoint since it allows for a wider incidence range. As a matter of fact, passage flow will get worsen and the corner separation/stall initial point will be migrated to the upstream with the increased incidence. An optimal shorter slot designed for the design point might fail to work well at a higher loading condition. However, it does not mean that the slot is the longer the better. In addition to the required aspiration flow rate, the aspiration outlet pressure is also determined by the local endwall pressure. If the starting position of the aspiration slot is too close to the leading edge, the aspiration outlet pressure will be much lower at lower loading conditions in order to avoid the flow leakage back into the mainflow passage, which may result in a higher aspiration flow rate and also extra aspiration power consumption. Therefore, in this study, both design and off-design points are considered carefully so as to select a proper EBLS. Several EBLS schemes have been tested, and for simplicity, only a preferable scheme is presented here. Figure 2 shows the implement strategy of the EBLS. The aspiration slots on both enwall are placed close to the suction side of the forward blade and run from 30% to 95% axial chord. The aspiration flow rate for each slot is fixed to 0.55% of the inlet massflow.
As a summary, Table 1 lists the main aerodynamic and geometry parameters of the outlet vane with CFC. The inlet Mach number is 0.715 and the Reynolds number based on the chord is 1.2Â10 6 . The geometry parameters for the whole blade (the effective parameters) are calculated as shown in Figure 2 .
Verification of CFC CFD Setup
The numerical simulations are steady and conducted with the 3D CFD package NUMECA Fine/Turbo. The Spalart-Allmaras (SA) one-equation model is adopted to model the turbulent fluctuations due to its robustness and ability to treat the complex flows at high Mach number condition, and specially, it also presents a good capability to simulate the flow fields within the aspiration device, 9 which would be beneficial to describe the flow details at the interface between the aspiration device and mainflow passage more accurately and hence to give a reasonable prediction on the aspiration effects. Previous studies [8] [9] [10] on the aspirated compressor and aspirated cascade have demonstrated that the results predicted by the SA turbulence model could present a much better match with the experimental data, and besides, this model has also been applied to analyze 3D flow in the TB. 12, 13, 15 To accelerate the convergence, multigrids technique, local time stepping and an implicit residual smoothing procedure are used. Figure 3 depicts the computational domain and mesh details close to the TB gap for the annual outlet vane with CFC. To make the EBLS model more physically, a simple cavity is established and attached to the aspiration slot (see Figure 4) . It is necessary to note that, among of the main design parameters of the EBLS, the inlet ramp angle should be selected carefully. A higher inlet ramp angle is not appropriate since it will cause the low momentum flow to leak back into the mainflow passage from the front part of the aspiration slot, which has a great risk of triggering the corner stall. Considering the mesh orthogonality in the meantime, we finally select an inlet ramp angle of 15 . The structured multiblock grid is generated by the preprocessor NUMECA IGG TM . A mixed O4H type topology is employed for the blade passage to guarantee the mesh quality, while for the EBLS, a simple H type topology is adopted. Flow details transmission between the aspirated slots and the mainflow passage is achieved by means of the full nonmatching matching (FNM) technique. The FNM does not require the exact matching of the grid points distributions between the two domain sides and is often used in the numerical studies on the casing treatments and aspirated compressors. [8] [9] [10] For a highly loaded aspirated outlet vane, poorer inlet conditions would aggravate the endwall flow and hence might require a more complex EBLS scheme to suppress it. Therefore, like the aspirated compressor designed by MIT, 5 additional circumferential aspiration slots should also be implemented in front of the blade so as to control the inlet boundary layer thickness within reasonable range. In the present investigation, the inlet conditions are firstly assumed to be uniform and defined with the mass-averaged total temperature and total pressure obtained from the multistage 3D numerical simulation, i.e. the boundary layer is considered to have been removed at the computation inlet and develops freely from inlet to the blade leading edge (note that if not mentioned, the presented result is referred to the case with uniform inlet conditions). Following this, the influence of the inlet boundary layer on the flow control effectiveness of the CFC will also be discussed briefly. At the mainflow passage outlet, the radial distribution of the static pressure is described according to a simple equilibrium. At the exit of the EBLS, a uniform static pressure boundary condition is specified as the aspiration outlet is reasonably far from the interface between the mainflow passage and the EBLS. In the computations of the variant incidences, the exit pressure is varied to achieve the desired inlet Mach number and aspiration flow rate.
Grid independency study
The grid independency study is conducted on the outlet vane with CFC (LS ¼ 0.50) with a total number of nodes ranging from 2.90 to 6.31 million. The grid is refined gradually near the wall surface and this results in a maximum dimensionless wall distance yþ decreasing from 2.57 to about 1. According to the guidelines of NUMECA Fine/Turbo, the order of selected yþ is sufficient enough to satisfy the solving demands of the SA turbulence model. Figure 5 shows the loss curves of outlet vane with CFC at different mesh density. In this paper, two kinds of loss coefficients o 1 and o 2 defined in equations (2) and (3) are employed to assess the cascade performance. The former represents the through-flow loss only, whereas the latter (total loss) considers the loss yielded by EBLS. In the figure, the loss coefficients are normalized by the through-flow loss of the outlet vane with CFC at I ¼ 0 . By evaluating the loss characteristics, it is found that the changes in the predicted results can be neglected as the grid number exceeds 4.2 million, so this grid resolution is selected as the final mesh to give a good compromise between the convergence speed and computational accuracy.
Flow control effects of the CFC Before elaborating the control effects of the CFC, it is necessary to clarify the flow structures in the TB without EBLS. Figure 6 shows the predicted flow fields in the TB without EBLS at the design point (I ¼ 0 ). For the investigated low aspect ratio outlet vane at such a high loading condition, the corner stall (largescale reverse flow formed on both endwall and suction side) is triggered in the forward blade lower endwall region though the airfoils have been optimized. Since its radial scale exceeds half-span, more flow will pass through the opposite side at the given inlet Mach number and hence the upper endwall region will not suffer from sever flow separation and passage flow is not symmetric. It is necessary to note that this asymmetric flow phenomenon is a typical flow feature for a highly loaded low aspect ratio annular stator 26 and might also be observed in a planar cascade in some extreme cases. 27 To tell the truth, the outlet aerodynamic parameters distribution in this case is hard to satisfy the engineering applications. Although as noted by Schluer et al.
14 that the TB endwall flow could be further improved by optimizing the loading split or geometry configurations; however, to the best of the authors' knowledge, it is really a tough work to design an outlet vane free of corner stall/separation at such a high loading condition, and not to mention a good off-design performance. Figure 7 shows the axial velocity contour adjacent to the wall surface of the outlet vane with CFC at the design point. Passage flow obtains a significant improvement by applying the CFC and it is almost symmetry with regard to the midspan. The corner stall has been completely suppressed via EBLS with an aspiration flow fraction of 1.1% of the inlet massflow, and there is no evident reverse flow in the forward blade. Since no flow control method is implemented on the rear blade, the corner separation emerges in the both endwall regions. However, affected by the gap flow, the reverse flow area in the rear blade is very small. Therefore, the loss induced by the corner separation is much lower than that induced by the corner stall and within the acceptable level. Admittedly, the aerodynamic performance of the outlet vane would be further enhanced once the rear blade is also equipped with the EBLS, whereas this might result in a much higher aspiration flow rate if the endwall slots share the same aspiration cavity since the endwall pressure has a noticeable increase in the streamwise direction. Figure 8 shows the entropy contour at the trailing edge of the rear blade at variant incidences. For the outlet vane with CFC, the high flow loss is mainly concentrated in the blade wakes and suction side corner region of the rear blade. Consist with the experimental studies of Bo¨hle et al. 23 and Tesch et al., 24 it is interesting to note that both blade wake and the corner separation of rear blade are alleviated with the increased incidence. As mentioned before, this should be mainly attributed to the enhanced gap flow. As depicted in Figure 9 , at a higher incidence, the gap flow close to the pressure side of the forward blade is featured with a higher normalized axial momentum (NAM, the ratio between the local and the inlet axial momentum). On the one hand, blocked by the enhanced gap flow, the endwall secondary flow is not capable of flowing onto the suction side of the rear blade so easily, and on the other hand, inspired by the enhanced gap flow, the boundary layer on the suction side is more stable and can resist a higher adverse pressure gradient. Owing to those two aspects, the suction surface separation lines 6 are forced to the downstream (see Figure 10 ) and flow in the rear blade is improved substantially at a higher loading condition. Since no large-scale corner stall is detected in the rear blade under the investigated incidences, it should be feasible to implement EBLS just in the forward blade. Figure 11 shows the loss curves of the outlet vane with CFC. For both loss coefficients definitions, the changing trends are basically the same, except that the total loss o 2 is a bit higher than the through-flow loss o 1 due to the inclusion of the flow loss yielded by EBLS. It should be noted that the results presented here are not incurring large-scale flow separation, thus by applying the CFC, the outlet vane could not only achieve an aggressive blade loading but also have a considerable available incidence range. Besides, an indirect comparison between the Figure 1 and Figure 11 indicates that a combination of TB with EBLS should be more preferable than a combination of single optimized blade with EBLS in terms of the available positive incidence range. Figure 12 shows the radial distribution of the pitchaveraged normalized through-flow loss o 1 at the passage outlet. Combining with Figure 8 , it can be found that the loss dominant is shifted from the rear blade corner separation to the forward blade flow separation with the increased incidence. At a slight positive incidence, the profile loss is lower and the corner separation is well controlled by the gap flow, hence for the current selected design scheme (LS ¼ 0.50), the minimum loss incidence is slightly off the design point. In fact, this situation could be regulated by increasing the loading split slightly, i.e. attenuating the rear blade corner separation by lowering the rear blade loading and strengthening the gap flow. To test this idea, another two schemes LS ¼ 0.53 and LS ¼ 0.58 are supplemented. As can be seen from Figures 13 and 14 , with an increased loading split, flow in the rear blade is improved at the design point and loss characteristic is shifted to the left side due to the reduced rear blade loading and enhanced gap flow. Besides, the minimum loss is also decreased slightly. However, it should be noted that an excessive loading split is not appropriate since this would impair the available positive incidence range.
Owing to the gap flow, the available positive incidence range for the outlet vane with CFC is definitely determined by the flow condition in the forward blade. Figure 15 shows the predicted flow fields in the outlet vane with CFC at I ¼ 7
. Due to the heavy blade loading and the limited aspiration flow rate, a small-scale corner stall is detected in the forward blade. With a further increase of the incidence, it will burst into a large-scale corner stall abruptly like that in Figure 6 . Figure 16 shows radial density flow (normalized by the inlet mass-averaged axial density flow) distribution within the lower EBLS at I ¼ 7 . As expected, the aspiration flow rate is not uniform at the interface between the mainflow passage and EBLS and the aspiration ability is relatively weak at the side close to the leading edge because of lower pressure difference here. However, unlike the case at smaller incidence, a small portion of low momentum flow leaks back into the mainflow passage from the foreend of the EBLS. As mentioned before, this would give a risk of triggering the corner stall and should be avoided. Fortunately, it is found that the corner stall and the leakage flow would be suppressed if the aspiration flow rate could be increased slightly (less than 0.4% of inlet massflow). Therefore, in order to broaden the incidence range of the outlet vane, it is necessary to increase the aspiration flow rate appropriately at a higher loading condition, and for the outlet vane with CFC, the blade stall would be eventually triggered by the forward blade 2D airfoil flow separation.
Effects of the inlet boundary layer on the control effectiveness of the CFC
In the previous section, the inlet boundary layer is not considered. To study the influence of the inlet boundary layer on the flow control effects of the proposed CFC, the performance of the outlet vane (LS ¼ 0.50) with another two different inlet total pressure distributions, representing a thin and a thick inlet boundary layer, will be discussed briefly in this part. The total pressure distributions shown in Figure 17 are described according to the 3D multistage computations of the forward blade rows and the boundary layer thickness for both cases is about 15% and 20% of the blade height separately. Since the major findings of previous section would not be changed with the thickened inlet boundary layer, only the main differences are presented here. Figure 18 shows the loss curves of the outlet vane with different inlet boundary layer at the given aspiration scheme. For the thin inlet boundary layer, the aerodynamic loss of the outlet vane almost remains unchanged under the small positive incidences and there is only a slight increase towards the high incidences, while for the thick inlet boundary layer, the blade performance is degraded over the whole investigated incidences and the available positive incidence is decreased by about 3 degrees. However, as can be seen from Figure 19 that no large-scale corner stall is detected at I ¼ 0 either, therefore, the proposed CFC would not lose its effectiveness at the design point as the inlet boundary layer is thickened, and besides, it is worthy to note that the corner separation in the rear blade is reduced slightly due to the enhanced gap flow. Figure 20 shows the entropy contour at the trailing edge of the forward blade. Attributed to the tangential pressure difference, low-energy fluid is forced to the blade suction side near the endwall region. For the thick inlet boundary layer, more low-energy fluid is accumulated in the suction side corner region of the forward blade, while for the thin inlet boundary layer, this just gets deteriorated at the bigger positive incidences. In fact, a severe blockage in the corner region would aggravate the endwall flow and hence trigger the suction side corner stall earlier, so in those cases, a higher local aspiration flow rate or removal of parts of inlet boundary layer is necessary. Moreover, it is found in the computation that flow solution is not stable at I ¼ À 5 for the thick inlet boundary layer due to the occurrence of the pressure side corner stall in the forward blade, which, however, is not observed in the cases of the thin inlet boundary layer. Therefore, in order to guarantee the outlet vane could perform well at the whole investigated incidences, additional circumferential aspiration slots should also be implemented in front of the outlet vane so as to control the inlet boundary layer within reasonable range.
Discussion on the CFC and future work
A further numerical verification on the flow control effects of the CFC has been carried out with another available commercial flow solver code ANSYS CFX. The same mesh and boundary conditions are used. The shear stress transport turbulence model (SST) with Gamma-Theta transition model is selected for simulation due to its superiority in the predictions of the onset and the amount of flow separation under adverse pressure gradients. 28 Although some quantitative variations exist, the predicted trends and the control mechanisms of the CFC are basically in consistent with the previous findings. Taking the outlet loss distribution as an example, as can be seen from Figure 21 that, similar to the Figure 12 , the endwall loss is also reduced with the increased incidence due to the enhanced gap flow (note that no large-scale corner stall is detected in the passage either), and the control effect of the gap flow seems more prominent for the results predicted by CFX (the inflection point close to the endwall is more evident). It should be noted that the we are not meant to give a quantity evaluation on those two numerical methods at present stage due to lack of experimental verification, however, based on the analysis above and reported work on the EBLS and TB, the flow control effects of the CFC can be anticipated. Besides, it is worth mentioning that the outlet vane with CFC has been assembled into the multistage aspirated compressor and exhibits a satisfying performance (not shown here), which further demonstrates its effectiveness under the stage environment.
For the CFC, the TB can bring out its full potential in the 2D flow control due to the implement of the EBLS; meanwhile, since the gap flow could help to protect the rear blade from the large-scale flow separation, the aspiration flow rate required for the 
suppression of the corner stall could be reduced.
Considering that the design issue of the aspiration flow path in the blade could be left out, the design feasibility of the aspirated compressor would be improved significantly by the proposed flow control method. Nonetheless, it should be noted that the work presented here is just a simple ''first-pass'' design and there are still lots of work to do to further enhance the control ability and engineering application of the CFC. For the out vane with CFC, the loss dominant at the design point mainly concentrates in the rear blade corner separation. The ongoing studies will try to address this by incorporating the geometrical modifications into the outlet vane, and besides, the gap configuration (interaction region) formed between the forward and rear blades and the radial distribution of the loading split will also be considered, since they will affect the gap flow and hence the rear blade corner separation. Last but not the least, as mentioned by Power et al., 29 the concept of ''fail-safe'' for the flow control device needs to be addressed before the proposed CFC could be applied into the actual engineering application. At present stage, the TB without EBLS suffers a large-scale corner stall at the design point, therefore, a further combining optimization of the geometrical configurations and the EBLS seems required to make sure that the outlet vane would not incur excessive aerodynamic loss as the EBLS fails to work properly.
Conclusions
To control the complicated flow in a small outlet vane of a multistage aspirated compressor at which implement of BBLS might not be practical, a compound flow control method, composed of the EBLS and TB, is proposed. The design philosophy is to utilize the EBLS to suppress the 3D corner stall while to use the TB to control the 2D airfoil flow separation. The EBLS is merely implemented in the forward blade, whereas the corner flow in the rear blade is controlled by the flow through the gap of the forward and rear blades.
Three-dimensional numerical simulations indicate that a well-designed TB (LS ¼ 0.50, AO ¼ 0, PP ¼ 0.87, optimized airfoils) with the EBLS scheme suggested by the Gbadebo could meet the proposed design specifications. By applying the CFC, the outlet vane could not only achieve an aggressive loading without incurring large-scale flow separation but also have a considerable available incidence range. With the increased incidence, flow is improved in the rear blade due to the enhanced gap flow and the loss dominant is shifted from the rear blade corner separation to the forward blade flow separation. For the outlet vane with CFC, the blade stall will be eventually triggered by the forward blade 2D airfoil separation if the endwall flow could be well controlled at a higher positive incidence. In addition, it is observed that the proposed CFC would not lose its effectiveness as the inlet boundary layer is thickened, but the aerodynamic performance and the incidence range of the outlet vane will be degraded. Therefore, in order to guarantee the outlet vane could perform well at the whole investigated incidences, additional circumferential aspiration slots should also be implemented in front of the blade so as to control the inlet boundary layer within reasonable range.
Since the design issue of the aspiration system could be simplified greatly by the proposed flow control method, the feasibility on engineering application of the aspirated compressor would be improved. At present stage, the main problems for the outlet with CFC at the design point mainly concentrates in the rear blade corner separation. Further work will try to address this by optimizing the geometry configurations and the radial distribution of loading split.
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